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Array comparative genomic hybridisationChromosome aneuploidy is a major cause of pregnancy loss, abnormal pregnancy and live births following
both natural conception and in vitro fertilisation (IVF) and increases exponentially with maternal age in
the decade preceding the menopause. Molecular genetic analysis has shown that these are predominantly
maternal in origin and trisomies most frequently occur through errors in the ﬁrst meiotic division. Analysis
of chromosome copy number in the three products of female meiosis, the ﬁrst and second polar bodies
and the corresponding zygote by microarray comparative genomic hybridisation (array CGH), in women of
advanced maternal age undergoing IVF, has recently revealed a pattern of frequent multiple meiotic errors,
caused by premature predivision of sister chromatids in meiosis I and a high incidence of errors in meiosis
II. This pattern is similar to those observed in various mouse models which implicate the gradual depletion of
cohesins, which are essential for cohesion of sister chromatids, as the primary cause of age related aneuploidy
in female meiosis. However, defects in other aspects of meiosis including the formation and stabilisation of chi-
asmata and the spindle assembly checkpoint (SAC) may also contribute. The challenge remains to explain the
molecular basis of ‘physiological’ rather than ‘chronological’ female ageing and the contribution of multifactorial
causes from the fetal to adult ovary. This article is part of a Special Issue entitled: Molecular Genetics of Human
Reproductive Failure.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Chromosome aneuploidy is a major cause of pregnancy loss, ab-
normal pregnancy and live births and increases exponentially with
maternal age in the decade preceding the menopause [1]. Most auto-
somal aneuploidies and all autosomal monosomies are lethal, only a
small number of trisomies are compatible with full term development
often with severe congenital abnormalities. At birth the incidence of
aneuploidy, mainly trisomy 21 causing Down syndrome, and sex
chromosome abnormalities, is about 0.3%, whereas in still births the
incidence increases tenfold to 4% and in spontaneous miscarriages
between 6 and 20 weeks of gestation, this rises tenfold again to an
average of 35%. The risk of having a pregnancy affected by Down syn-
drome is highly correlated with maternal age, increasing from about
0.1% at 30, to 1% at 40. However, 4 out of 5 trisomy 21 pregnancies
are lost through spontaneous miscarriage. Hence, it is estimated that
about 7–10% of clinically recognised pregnancies are affected by aneu-
ploidy and this is an underestimate of overall aneuploidy since it does
not include any preclinical losses.lar Genetics of Human Repro-
Centre, One St Thomas Street,
20 7403 8552.
rights reserved.Molecular genetic analysis of parental markers in products of con-
ception following miscarriage, abnormal pregnancies and live births
has established that most aneuploidies are of female origin [2–4].
Furthermore, most trisomies appear to be caused by missegregation
errors in the ﬁrst meiotic division, meiosis I, since markers for both
maternal chromosomes (homologues), which should separate away
from each other in anaphase I, can be identiﬁed close to the centro-
meres. Analysis of markers along the length of the affected chromo-
some has also established that trisomy is associated with reduced
numbers of crossovers often with an abnormal distribution either
close to the telomeres of chromosome arms or conversely close to
the centromeres. Also, in some cases, no crossovers are detected in-
dicating that the bivalent chromosome involved in the aneuploidy
may have been achiasmate. As crossovers play an essential role in
maintaining cohesion between homologues until they are resolved
at anaphase I, these altered patterns may predispose chromosomes
to segregation errors.
A similar pattern of aneuploidy occurs in pregnancies following
assisted conception using in vitro fertilisation (IVF). Only a minority
of human embryos cultured in vitro for up to a week and then trans-
ferred back to the uterus implant and develop to a live birth. When
implantation does occur as evidenced by the presence of raised levels
of human chorionic gonadotrophin (hCG) secreted by the placental
trophoblast cells, 14 days following fertilisation, about 10–20% of
these pregnancies do not progress to the stage where a fetal heart
beat can be detected by ultrasound and a further 10–20% of clinical
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al. [5] studied the outcome of over 2000 IVF clinical pregnancies in
which one or more fetal heart beats were detected at 6–8 weeks ges-
tation. Overall 11% of these pregnancies were lost but the incidence of
loss was highly correlated with maternal age so that in women
b35 years of age, pregnancy loss was about 5% whereas in women of
40 years and over 22% of pregnancies were lost. Furthermore karyotype
analysis of the products of conception, where possible, demonstrated
that the incidence of aneuploidy in younger women was about 65%
whereas by 40 and over the incidence was 82%. A high incidence of
chromosomal aneuploidy, mainly arising in female meiosis resulting
in aneuploid oocytes, and which increase in women after their mid
30s, together with additional aneuploidies and structural chromosome
abnormalities arising in preimplantation development is now known
to be a major factor in IVF failure (see later section). An understanding
of the causes of aneuploidy at all stages is therefore important for im-
proving the treatment of infertility in women of advanced maternal
age or otherwise known to be at increased risk because of a previous
affected pregnancy.
In this review, I brieﬂy outline the basic molecular events in mitosis
and meiosis which ensure the accurate segregation of chromosomes
to daughter cells, before discussing recent experimental evidence in
various mouse models, which implicates an age related decline in
cohesins as at least one of the primary causes of meiotic errors. I then
review what is known about the incidence of meiotic and postzygotic
aneuploidies in the human oocyte and preimplantation embryo and
what is known about the molecular basis of age related aneuploidy in
human oocytes.2. Chromosome segregation in mitosis and meiosis
In mitosis, following DNA replication in S phase and the G2 phase
of the cell cycle, each chromosome, now consisting of pairs of sister
chromatids, condenses and aligns equatorially on the metaphase spin-
dle.Microtubules fromopposite spindle poles forma bipolar ‘amphitelic’
attachment to specialised protein structures, kinetochores, assembled
on the centromeres of the two sister chromatids. At anaphase, the
microtubules then shorten and separate the two sister chromatids
moving them to opposite spindle poles where at telophase, the chro-
mosomes decondense, the nuclear membrane is reformed and cyto-
kinesis completes the division into two daughter cells, each with a
diploid set of chromosomes.
In contrast, meiosis involves one round of DNA replication
followed by two cell divisions to form gametes each with a half or
haploid set of chromosomes. In the ﬁrst meiotic division (meiosis I),
following the premeiotic S phase and DNA replication, duplicated
chromosomes, consisting of pairs of sister chromatids, pair up with
their homologues and a synaptonemal complex is formed between
them, resulting in a haploid set of thread like bivalent chromosomes
at the pachytene stage of prophase I. Recombination then occurs be-
tween non-sister homologous chromatids and chiasmata are formed
at the position of the crossovers. After the synaptonemal complex is
lost, the bivalent chromosomes shorten but remain joined together
by the chiasmata along the chromosome arms and align on the spindle
at metaphase I. Unlike mitosis, the two pairs of sister kinetochores on
bivalent chromosomes act as a single kinetochore and form amphitelic
attachments to microtubules from opposite spindle poles. At anaphase
I, the microtubules shorten, the chiasmata migrate towards the ends
of each bivalent and are removed as the crossovers are resolved and
the two homologues separate to opposite poles. The second meiotic
division (meiosis II), then follows without further DNA replication
and is similar to mitosis. The pairs of sister chromatids align on the
metaphase II spindle and at anaphase II, the two sister chromatids
ﬁnally separate to opposite poles resulting in daughter cells with a hap-
loid set of chromosomes.To orchestrate the accurate segregation of chromosomes during cell
division, in eithermitosis ormeiosis, newly synthesised sister chromatids
must remain together to ensure correct alignment on the metaphase
spindle and appropriate attachment of microtubules to the spindle
poles before separation at anaphase, to prevent random segregation
and chromosome aneuploidy. This ‘cohesion’ of sister chromatids is
accomplished by specialised protein complexes, cohesins, which are
loaded on to DNA beyond the replication fork in S phase during DNA
replication [6,7].
Cohesins consist of heterodimers of two hinged, coiled coil pro-
teins, Smc1 and Smc3, joined at their hinges, and at N and C terminal
nucleotide binding domains by the α kleisin protein Scc1 and Scc3,
which completes a tripartite ring structure along with several other
associated proteins which promote assembly on to DNA and closure
of the ring. The exact conﬁguration of these cohesin rings in relation
to the two sister chromatid DNA strands is not known. It is possible
that both strands are trapped inside the ring. Alternatively, adjacent
cohesins each trapping a single sister chromatid may either be
interlockedwith or form attachmentswith each other in a ‘handcuff’ ar-
rangement. In meiosis, several cohesin components are replaced
with meiosis speciﬁc proteins, notably Smc1 is replaced by the
isoform Smc1β and another kleisin protein Rec8 replaces Scc1.
At the metaphase–anaphase transition, cohesins are released from
the DNA strands by cleavage of Scc1 or Rec8 by the transient activation
of the enzyme separase.
In mitosis, tight centromeric cohesion between sister chromatids,
mediated by cohesins, is essential to ensure correct alignment of sis-
ter kinetochores in a ‘back to back’ conﬁguration facilitating bipolar
amphitelic attachments of microtubules to opposing spindle poles
[8]. When this process is complete for all chromosomes, the spindle
assembly checkpoint (SAC) is released activating the anaphase pro-
moting complex (APC) [9]. The APC then triggers degradation of
securin, which normally inhibits the activity of separase. Separase
cleaves the kleisin subunits of cohesin, releasing the two sister chro-
matids. The sister chromatids then rapidly and simultaneously sepa-
rate to the opposite poles.
In meiosis, cohesins loaded on to DNA in premeiotic S phase are
largely lost in early prophase but remain concentrated at the centro-
meres of each homologue and on chromosome arms distal to chiasmata
(Fig. 1). Centromeric cohesion is essential to facilitate monopolar at-
tachment of pairs of sister kinetochores on each homologue to opposite
spindle poles. Also, cohesion of chromosome arms distal to chiasmata
is essential to hold bivalents together until correct alignment on the
spindle at metaphase I. To ensure that the two pairs of sister chroma-
tids remain attached at metaphase I, a key difference from mitosis is
that cohesins around the centromeres are protected from separase di-
gestion by a protein complex including the Shugosins and the kineto-
chores are modiﬁed so that microtubule attachment only occurs at
the kinetochore of one of the sister chromatids of each homologue
[10]. Thus at anaphase I, separase removes cohesin from the chromo-
some arms only allowing the two homologues to separate. In meiosis
II, the residual centromeric cohesion facilitates bipolar amphitelic at-
tachment of microtubules of sister kinetochores to opposite spindle
poles. The resulting tension may inactivate the Shugosins, which then
allows the remaining Rec8 to be cleaved by separase and the sister
chromatids separate to opposite poles.
In mammals, meiosis and gametogenesis are different in males
and females. In males, meiosis occurs continuously from primary
spermatocytes derived from spermatogonial stem cells that line the
seminiferous tubules of the testis, from puberty onwards throughout
life. Also, all four products of meiosis have the potential to form func-
tional gametes after differentiation into highly specialised spermato-
zoa though cell death through apoptosis may occur during terminal
differentiation. By contrast, female meiosis begins in utero in the pri-
mary follicles of the ovarian cortex of the fetus but arrests in prophase
I in all oogonia before or shortly after birth. Meiosis only resumes in
ba
Fig. 1. Simpliﬁed diagram of the proposed role of cohesin depletion in maternal age
related aneuploidy at the metaphase–anaphase transition of female meiosis I. Meiosis
I segregation of two bivalent chromosomes, each consisting of two pairs of sister chro-
matids (blue and red) is shown at (a) metaphase I and (b) anaphase I. The two pairs of
sister kinetochores on the normally segregating bivalent (left) are held close together
by tight cohesion, mediated by cohesins (green circles) in the region of the centromere.
This promotes monopolar attachment of the sister kinetochores to microtubules
(black) from one spindle pole. Shugosins and other proteins (pale blue) are recruited
which promote monopolar attachment and protect centromeric cohesins from cleav-
age by separase at the metaphase–anaphase transition. Single crossovers/chiasmata
(grey) are shown for both chromosome arms. Note that only the cohesins between
sister chromatids distal to the crossover hold the two homologues of the bivalent
together. The other bivalent (right) is shown as achiasmate with the two homologues
attaching to the spindle independently. Loss or degradation of cohesins both from the
chromosome arms and centromere in one homologue (red), over many years of pro-
phase I arrest, results in separation of the two sister kinetochores allowing bipolar
amphitelic attachment of microtubules to the two spindle poles. At anaphase I (b),
the spindle assembly checkpoint is satisﬁed and securin is targeted for degradation
which in turn releases the inhibition of separase allowing it to cleave cohesins from
the chromosome arms but not the centromere of the bivalent segregating normally
(left). The orphan homologue of the other bivalent (blue, right) with normal cohesion
at the centromere now segregates randomly to either spindle pole while the two sister
chromatids which have lost the tight centromeric cohesion, separate to the two spindle
poles as in mitosis (see text for further explanation).
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recruitment in each oestrus or menstrual cycle preceded by a long pe-
riod of growth. Also, cytokinesis is highly asymmetrical resulting in
the extrusion of two small polar bodies in each meiotic division, con-
serving the volume of cytoplasm in the single oocyte produced.
3. Assisted conception and chromosome aneuploidy
The introduction of in vitro fertilisation (IVF) for the treatment of
infertility in the early 1980s has provided unprecedented access to
human oocytes and preimplantation stage embryos. Early pioneeringcytological studies demonstrated that chromosomal abnormalities
including abnormalities of fertilisation, aneuploidy, abnormal ploidy
and structural abnormalities were widespread, although analysis
was limited to counting chromosomes in a small number of suitable
metaphase spreads in small numbers of poor quality, mostly arrested
embryos [11–14]. Cytological analysis of human gametes and embryos
is challenging as conventional methods for arresting cells in metaphase
are only partially successful, the chromosomes are short and difﬁcult to
band and often poorly spread. Nevertheless, in a classic paper, Angell
[15] was able to demonstrate for the ﬁrst time that errors in female
meiosis were not always caused by textbook non-disjunction of whole
chromosomes in meiosis I, but that the two sister chromatids had sepa-
rated prematurely which then segregated into the ﬁrst polar body and
oocyte (Fig. 1). The co-existence of these twomodes of malsegregation
was conﬁrmed later in a large series of oocytes with a signiﬁcant ma-
jority of aneuploidies being caused by premature predivision of sister
chromatids [16].
The development of methods for single cell analysis of chromo-
somes by interphase ﬂuorescence in situ hybridisation (FISH) with
chromosome speciﬁc probes, initially to identify the sex of the embryo
for preimplantation genetic diagnosis (PGD) of X-linked disorders [17],
has allowed more extensive molecular cytogenetic analysis of oocytes
and embryos albeit for a limited number of chromosomes. These studies
revealed that, in addition to abnormalities affecting all of the cells of the
cleavage stage embryo and presumed to be of meiotic origin, there is
also a high incidence of chromosomal mosaicism which could not be
explained by FISH errors [18–20]. The incidence of uniform aneuploidies
was correlatedwithmaternal age and increased signiﬁcantly above the
age of 40 in the chromosomes analysed [21]. Mosaic abnormalities
were not generally correlated with age but are more frequent in poor
quality embryos [22]. These include aneuploidy, chromosome loss,
chaotic patterns of aneuploidy and abnormal ploidy, particularly tetra-
ploidy [23]. The exception is mitotic non-disjunction whichwas signif-
icantly correlated with increasing maternal age [24].
Clinical use of multicolour FISH probes to combinations of up to 9
chromosome speciﬁc probes, in one or more sequential hybridisations,
and targeted mainly at the smaller and acrocentric chromosomes,
which can result in viable but abnormal pregnancies, became wide-
spread for selection of euploid embryos inwomen of advancedmaternal
age and other indications [25]. However, several randomised clinical
trials have demonstrated that live birth rates are not increased in
women having the screening possibly as a result of the limited number
of chromosomes analysed or false positive results caused by chromo-
somal mosaicism at cleavage stages [26,27].
An alternative approach pioneered by Verlinsky and colleagues,
is to biopsy the two polar bodies following fertilisation and use
multicolour FISH to detect maternal meiotic errors directly [28].
This approach conﬁrmed Angell's original observations that, for the
limited number of chromosomes studied, premature predivision of
chromatids was the predominant mechanism causing errors in meio-
sis I, since instead of the normal two closely adjacent signals for each
sister chromatid of the whole chromosome in the ﬁrst polar body,
there was either an extra third signal indicating the presence of
an additional chromatid or only one signal indicating the presence a
single chromatid [29]. Furthermore, analysis of chromosomes in the
second polar body showed that errors in meiosis I caused by prema-
ture predivision are often balanced by random segregation of the single
chromatid in meiosis II. Similarly, both classical non-disjunction and
premature predivision have been detected in oocytes and polar bodies
by sequential FISH analysis for a range of chromosomes and more re-
cently using comparative genomic hybridisation and other molecular
cytogenetic methods [30,31].
To avoid the limitations of FISH, it is now possible to use microarray
based comparative genomic hybridisation (array CGH) to analyse copy
number in all 24 pairs of chromosomes followingwhole genome ampli-
ﬁcation from single cells [32]. This approach is now in widespread use
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birth following biopsy and analysis of copy number in the ﬁrst polar
body to detect errors in meiosis I has been reported [33]. Implantation
rates are also increased following biopsy of single cells at cleavage
stages or by removal of several outer trophectoderm cells from embryos
at the blastocyst stage [34].
As polar body biopsy is theoretically less invasive than removing
cells at later stages and because of restrictions in various countries
concerning the testing of human embryos, the European Society for
Human Reproduction and Embryology (ESHRE) set up a pilot study
of polar body biopsy and analysis by array CGH to investigate the fea-
sibility and accuracy of this approach in women of advancedmaternal
age [35]. Both polar bodies were biopsied simultaneously, following
fertilisation by intracytoplasmic sperm microinjection, and whole
genome ampliﬁcation and array CGH carried out separately to identi-
fy errors in both meiotic divisions [36,37]. If aneuploidy was detected
in one or both polar bodies, the corresponding presumed aneuploid
fertilised oocyte or zygote was tested independently to conﬁrm con-
cordance with the polar body testing. The incidence of aneuploidy
was high (72%) and the euploid or aneuploid status of the zygote
was concordant with that expected by polar body analysis in 94%. In
42% of treatment cycles all zygotes were aneuploid and there was
no transfer. However, clinical pregnancy and implantation rates in
women in which presumed euploid embryos were transferred
appeared to be higher than would be expected in women with an av-
erage age of 40 years. A large multicentre randomised trial is current-
ly underway to determine if routine aneuploidy testing in advanced
maternal age using this approach is of clinical beneﬁt.
Using the data generated by this pilot study allowed the ﬁrst sur-
vey of the incidence of female meiotic errors for all chromosome pairs
at conception and by examining the pattern of copy number changes
in the three products of female meiosis, it is possible to deduce the
mechanism causing the missegregation [38]. This analysis revealed
a high incidence of aneuploidies, oftenmultiple aneuploidies per zygote,
resulting from an approximately equal proportion of errors in both
meiotic divisions (Fig. 2). Although all chromosomes, except chromo-
some 3, had errors, there was a clear increase in the shorter and acro-
centric chromosomes, particularly in chromosomes 11 to 22. Finally,
the pattern of copy number changes demonstrated that only 3% of
aneuploidies had been caused by classical non-disjunction in meiosis
I and most must have been caused by premature predivision of sister
chromatids as originally observed by Angell [15]. This was conﬁrmed
independently by careful analysis of the copy number ratio shift in a se-
ries of ﬁrst polar bodies compared with the shift for the X chromosome
withmale referenceDNA i.e. twoX chromosomes in the ﬁrst polar body
compared to a single X in the male reference against a background two
chromosomes in both for the autosomes [39].
Premature predivision of sister chromatids at anaphase I results in
single chromatids attempting to align on the spindle at metaphase II
which is arrested until fertilisation. Instead of attachment of microtu-
bules from both spindle poles to sister kinetochores (amphitely), it
appears that the single chromatid kinetochore attaches to microtu-
bules from only one pole since the distribution of chromatids at meta-
phase II between the second polar body and zygote appears random.
In about half of cases where there has been an error in meiosis I
detected by chromatid gain or loss, this error is balanced by the seg-
regation of the single chromatid in meiosis II. There are therefore
more aneuploidies apparently resulting from errors in meiosis II than
meiosis I in the zygote.
This pattern of multiple meiotic errors caused by premature
predivision of aneuploidy, and a net excess ofmeiosis II errors in zygotes
following assisted conception contrasts sharply with the low incidence
of multiple aneuploidies detected in pregnancies following natural con-
ception and the predominance of female meiosis I errors in trisomies
[40]. This suggests that the use of high doses of exogenous hormones
to stimulate the ovaries in older patients may perturb the process ofmeiosis. However, double aneuploidy and autosomal monosomies
have been detected by array CGH inﬁrst trimester spontaneous abortuses
[41] and the incidence of double trisomies generally, although relatively
rare, is strongly maternal age dependent following natural conception
and includes a wide range of chromosomes [42]. Also, a recent study
of a large cohort of families with a live born infantwith trisomy 21 dem-
onstrated a reduced meiosis I/meiosis II ratio in women b19 and
≥40 years of age compared to those of intermediate ages [43]. Finally,
many of the errors that are scored as meiosis II errors almost certainly
originate inmeiosis I since premature separation – either of homologues
or sister chromatids –will not always lead to a segregation error. Thus at
least a proportion ofmeiosis II errorsmay be undetectedmeiosis I errors.
4. Molecular origin of errors in female meiosis
Conﬁrmation of the discovery that errors in human female meiosis
in women of advanced maternal age are predominantly caused by
predivision of chromosomes at metaphase I and premature segrega-
tion of sister chromatids has focussed attention on the failure of the
processes which normally ensure accurate segregation of homologues
at different stages of oocyte development. These include disturbances
to homologous pairing and the formation of chiasmata in prophase I
which occurs in the fetal ovary, the maintenance of cohesion in the
arrested prophase oocyte, premature separase activity and the func-
tioning of the spindle assembly checkpoint (SAC).
Several groups have investigated these possible causes using the
mouse oocyte as a model. Mice do not seem a priori the best model
for age related aneuploidy in humans given their short lifespan, high
fertility, normally low incidence of meiotic aneuploidy and a karyotype
of 20 short pairs of acrocentric chromosomes that are difﬁcult to iden-
tify by straightforward banding. Typically aneuploidy inmouse oocytes
ranges from 0.1 to 1% and does not show any signiﬁcant age related in-
crease over a female's reproductive lifespan. However, on the basis of
evidence that sequence divergence between homologues might affect
the number and position of chiasmata, Koehler et al. [44] mated inbred
strains ofMus musculus withMus spretus, with an estimated sequence
divergence of about 1%, to create interspecies F1 hybrids. Remarkably,
the rate of aneuploidy in meiosis I oocytes was increased an order
of magnitude to 10% in young F1 females at 4 weeks of age and this
doubled to >20% in older females at 8–11 weeks, comparable to the
levels in the human female. These F1 hybrid mice with homeologous
chromosomes had signiﬁcantly fewer chiasmata in pachytene oocytes
but, unlike human trisomies, which are associated with extreme prox-
imal and distal crossovers, they were distributed normally. However,
synapse defects between homologues were common and some of these
pairs had no exchanges. Achiasmate homologues would be expected
to segregate randomly at metaphase I yielding equal numbers of nor-
mal or aneuploid products and this presumably explains the elevated
incidence of aneuploidy. Although this differs from the situation in
human trisomies, this model does demonstrate that events occurring
in the fetal ovary can predispose to aneuploidy only after resumption
of meiosis much later in adult life.
Cohesion between sister chromatids, particularly around the cen-
tromere and on chromosome arms distal to the most proximal cross-
over, is essential for separation of homologues at anaphase I. SMC1β
is a meiosis speciﬁc isoform of the cohesin complex which replaces
SMC1α at the diplotene stage of meiosis and is present along the
length of the axial element of the synaptonemal complexes and at
chiasmata at the pachytene stage. At metaphase I, SMC1β is lost
from chromosome arms but remains around the centromere until the
metaphase–anaphase transition of meiosis II. The key role of this com-
ponent of the cohesin complex was dramatically demonstrated by
targeted knock out which in homozygous null mice caused sterility in
both males and females [45]. In males, meiosis was blocked at the
pachytene stage whereas in females it progressed to metaphase II but
premature loss of sister chromatid cohesion at chromosome arms and
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Fig. 2. Premature predivision of sister chromatids. Array CGH ratio plots for the ﬁrst and second polar bodies (PB1 and PB2) in which there is one error in meiosis I and two in
meiosis II, resulting in one gain (trisomies) and one loss (monosomy) in the corresponding embryo at the 8-cell stage 3 days following fertilisation. The segregation patterns of
gains (G), losses (L) and normal copy number (N) indicate premature predivision of sister chromatids in meiosis I balanced by loss of a sister chromatid in meiosis II (GLN) for
chromosome 16. The two meiosis II errors resulted in loss in the embryo (NGL) for chromosome 17, and gain for chromosome 22 (NLG). Green and red horizontal lines represent
the 95% conﬁdence interval for normal copy number.
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errors. The position of chiasmata was also skewed to more distal loca-
tions which indicates a role in stabilising chiasmata until metaphase I
[46].
In contrast, only inactivating the Smc1β gene shortly after birth at
the primordial follicle stage, when oocytes have just entered meiotic
arrest at the dictyate stage, was compatible with the normal pattern
of chiasmata, sister chromatid cohesion and normal fertility even in
aged females [47]. Thus cohesin complexes loaded onto DNA in the
premeiotic S phase are sufﬁcient to maintain normal disjunction of
homologues at metaphase 1 later in adult life.
This surprising result suggesting that cohesins are not turned over
throughout the long period of meiotic arrest, offers one potential ex-
planation for the age related effect since cohesin complex proteins
would be susceptible to gradual degradation and depletion through
oxidative damage [48] or other processes. Using a ground breaking
technique in mammalian cells, Tachibana-Konwalski et al. [49] intro-
duce cleavage sites for the TEV protease by gene targeting into either
the mitosis or meiosis speciﬁc kleisin subunit of cohesin, Scc1 and Rec
8, respectively, allowing them to cleave these components and open
up the cohesin ring structure at precise stages of meiosis by
microinjecting mRNA for TEV protease and use live imaging to follow
the results. Under conditions in which the oocytes were arrested inmetaphase I by inhibiting securin degradation and separase activity,
cleavage of Rec8 triggered immediate resolution of chiasmata holding
the homologues of each bivalent together and also cohesion between
sister chromatids. Similarly, in oocytes naturally arrested at meta-
phase II, sister chromatid cohesion was lost, indicating that Rec8
containing cohesin is responsible for both chromosome arm and cen-
tromeric cohesion. Furthermore, in fertilised oocytes arrested at the
metaphase stage of the ﬁrst mitotic division, only cleavage of targeted
Scc1 and not Rec8 resulted in loss of sister chromatid cohesion dem-
onstrating a complete transition from oocyte to zygote. Finally, using
this methodology and a variety of strategies to alter the timing of ex-
pression of either wild type or targeted Rec8, it was possible to dem-
onstrate that there was no turnover of cohesive structures during the
growth phase using protein synthesised de novo.
Other groups have investigated long lived strains of mice which do
show a signiﬁcant increase in age related aneuploidy in MII oocytes of
females of extreme age (60–70 months) [50]. Using this ‘natural’
model of age related aneuploidy, Chiang et al. [51] have used time
lapse imaging and immunoﬂuorescence to compare the behaviour
of chromosomes in oocytes from young and old females (‘young’
and ‘old’ oocytes) maturing in vitro. Interkinetochore distances are
signiﬁcantly increased in old compared with young oocytes at both
metaphases I and II. Also, chromosome-associated REC8, the meiosis
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while the total levels of REC8 remain the same in old oocytes. Further-
more following the fate of individual oocytes through anaphase I and
then ﬁxing and counting chromosomes at metaphase II, allowed a di-
rect correlation of segregation anomalies and consequent aneuploidy.
Recently, these authors were also able to show that old oocytes were
more susceptible to premature activation of separase [52]. This raises
the possibility that loss of tight control of the timing of separase activa-
tion could act synergisticallywith depletion of cohesins to cause age re-
lated aneuploidies.
Using a similar approach in another long lived mouse strain, Lister
et al. [53] also demonstrated the effect of age on cohesion of sister
kinetochores and REC8 but, in addition, demonstrated that chiasmata
are destabilised in old oocytes and the level of Sgo2, which plays a
role in maintaining centromeric cohesion until metaphase II, is also
reduced. Thus depletion of cohesins and weakened centromeric cohe-
sion are important factors in these mouse models.
The possibility that a defective spindle assembly checkpoint (SAC)
may contribute to age related aneuploidy is less clear [9]. Certainly,
over and under expression of key components like Mad2, a SAC com-
ponent which binds to kinetochores in the absence of microtubule at-
tachment, are associated with early onset of anaphase I resulting in
segregation errors [54]. However, in a ‘natural’ ageing mouse model,
early onset of anaphase I was not observed and in some cases was de-
layed despite the expected age related increase in aneuploidy detected
at metaphase II [55].
Another possible contributing factor is the level of Cdc20, the acti-
vating subunit of the APC, which initiates sister-chromatid separation
by ordering the destruction of two key anaphase inhibitors, cyclin B1 and
securin, at the transition from metaphase to anaphase. Hypomorphic
mice that express low amounts of Cdc20 are healthy and have a normal
lifespan, but females produce either no or very few offspring, despite
normal folliculogenesis and fertilisation rates. When mated with
wild-type males, hypomorphic females yield highly aneuploid em-
bryos, resulting primarily from chromosome lagging and chromosome
misalignment during meiosis I in the oocyte. Furthermore, cyclin B1,
cyclin A2, and securin are inefﬁciently degraded in metaphase I; and
anaphase I onset is markedly delayed [56]. Also, meiotic recombina-
tion in mouse oocytes lacking Mlh1, a protein essential for meiotic re-
combination, also leads to premature separation of most homologues
and major abnormalities in meiotic spindle assembly accompanied
by chronic SAC-dependent meiotic arrest [57] or delay [58] depending
on the genetic background.
5. Conclusions
Chromosomal aneuploidy is a major cause of human reproductive
failure following both natural and assisted conception. Predominantly
occurring in female meiosis, the main predisposing factors are mater-
nal age and, in trisomies, the number and distribution of crossovers,
which form the chiasmata and hold the homologues together at
metaphase I. The pattern of aneuploidy revealed by array CGH in
the zygotes of women of advanced maternal age undergoing IVF has
demonstrated that most errors in this age group are caused by prema-
ture predivision of sister chromatids [38], conﬁrming and extending
previous observations [15,29]. This pattern of missegregation is strik-
ingly similar to that observed in the various mouse models which
have provided evidence that the primary cause may be an age related
depletion of cohesins, particularly centromeric cohesins, which are
vital for cohesion of sister chromatids and separation of homologues
in meiosis I. Furthermore, the increased incidence of errors in smaller
chromosomes particularly from chromosomes 11 to 22 suggests a di-
rect correlation with chromosome length. As crossovers occur on av-
erage at the same frequency per megabase of DNA, this would also
correlate with the number of crossovers and the length of chromosome
arms distal to the most proximal crossover available to maintaincohesion between homologues at metaphase I. Superimposed on this
general trend, acrocentric positioning of centromeres and other chro-
mosome speciﬁc effects could inﬂuence the risk of loss of cohesion
and account for individual differences. For example, trisomy 16 which
is exclusively caused by a maternal meiosis I error is associated with
an absence of crossovers in the proximal regions of both chromosome
arms [40,59].
Analysis of the meiosis speciﬁc components of cohesin, REC8,
STAG3, SMC1β and SMC3, in human oocytes at all stages from the fetal
to adult ovary, and isolated oocytes from donors aged 18–34 years, by
immunoﬂuorescence and quantitative RT-PCR, failed to demonstrate
an age related decline in cohesins [60]. However, the critical observa-
tions on age related changes were in women of a younger age range
than in the array CGH study in which the average maternal age was
40 years [38].
What remains puzzling, is why all of the molecular components
contributing to the control of meiosis in the human female can re-
main apparently fully functional during meiotic arrest for at least a
decade or so and only compromise accurate segregation in the third
and fourth decades when the incidence of aneuploid pregnancies in-
creases exponentially [61]. One explanation is that a critical threshold
is reached at which the smaller chromosomes with fewer crossovers
become vulnerable. The occurrence of multiple aneuploidies in indi-
vidual oocytes, however, indicates that oocyte speciﬁc factors may
be important. Recently, it has been demonstrated that inmouse oocytes
the SAC can be satisﬁed by biorientation of a critical mass of some – but
not all – bivalent chromosomes allowing progression to anaphase I and
it has been postulated that subtle differences in the SAC among human
oocytes may contribute to age related aneuploidy [57].
Another explanation for the exponential increase in aneuploidy in
the decade preceding the menopause is simply that there is an accel-
erated decline in the proportion of good quality oocytes and those
ovulated later in life may be less able to segregate their chromosomes
normally. There is certainly a strong association of the incidence of
oocytes with multiple aneuploidies and maternal age, particularly
over the age of 40 [38]. This ‘bottom of the barrel’ or the alternative
‘production line’ hypothesis are difﬁcult to test. Interestingly, Lister
et al. [53] argue against this on the basis that the putative residual
pool of poor quality oocytes would be predicted to have less Rec8
loaded onto the chromosomes in the premeiotic S phase and that
this would be incompatible with other highly conserved functions en-
suring recombination between homologous non-sister chromatids
and that absence of Rec8 is not compatible with survival beyond
early prophase [62]. Alternatively in the context of IVF, the high levels
of exogenous gonadotrophins used to stimulate the ovaries in older
women may have a direct effect on the follicle and oocyte during
the growth phase [63,64].
The challenge remains therefore not only simply to understand
the molecular basis of female meiosis but also how ‘physiological’
rather than ‘chronological’ age affects the process at all stages [61].
Limitations on access and ethical restrictions make direct study of
human oocytes at the relevant stages difﬁcult. But perhaps detailed
time lapse imaging, which is now routinely used for embryo selection
in some clinics, can be used to analyse the timing of at least the later
events of meiosis in oocytes maturing in vitro and correlate these ob-
servations with aneuploidy at metaphase II. Also, combining the use
of array CGH for chromosome copy number analysis with high resolu-
tion single nucleotide polymorphism (SNP) genotyping and haplotype
analysis by karyomapping [65] will allow detailed analysis of the num-
ber and position of crossovers and may provide an insight into events
occurring decades earlier in the fetal ovary.
Conﬂict of interest statement
The author is an employee of Bluegnome Ltd which manufactures
microarrays for preimplantation genetics.
1919A.H. Handyside / Biochimica et Biophysica Acta 1822 (2012) 1913–1920Acknowledgement
The authorwould like to thankDimitra Christopikou, Embryogenesis,
Athens for the use of unpublished array CGH data.
References
[1] T. Hassold, P. Hunt, To err (meiotically) is human: the genesis of human aneuploi-
dy, Nat. Rev. Genet. 2 (2001) 280–291.
[2] T. Hassold, P.A. Hunt, S. Sherman, Trisomy in humans: incidence, origin and etiology,
Curr. Opin. Genet. Dev. 3 (1993) 398–403.
[3] N.E. Lamb, S.L. Sherman, T.J. Hassold, Effect of meiotic recombination on the pro-
duction of aneuploid gametes in humans, Cytogenet. Genome Res. 111 (2005)
250–255.
[4] S.L. Sherman, N.E. Lamb, E. Feingold, Relationship of recombination patterns and
maternal age among non-disjoined chromosomes 21, Biochem. Soc. Trans. 34
(2006) 578–580.
[5] S.D. Spandorfer, O.K. Davis, L.I. Barmat, P.H. Chung, Z. Rosenwaks, Relationship
between maternal age and aneuploidy in in vitro fertilization pregnancy loss,
Fertil. Steril. 81 (2004) 1265–1269.
[6] K. Nasmyth, C.H. Haering, Cohesin: its roles and mechanisms, Annu. Rev. Genet.
43 (2009) 525–558.
[7] J.M. Peters, A. Tedeschi, J. Schmitz, The cohesin complex and its roles in chromo-
some biology, Genes Dev. 22 (2008) 3089–3114.
[8] D.A. Compton, Mechanisms of aneuploidy, Curr. Opin. Cell Biol. 23 (2011) 109–113.
[9] E. Vogt, M. Kirsch-Volders, J. Parry, U. Eichenlaub-Ritter, Spindle formation, chro-
mosome segregation and the spindle checkpoint in mammalian oocytes and sus-
ceptibility to meiotic error, Mutat. Res. 651 (2008) 14–29.
[10] D. Clift, A.L. Marston, The role of shugoshin in meiotic chromosome segregation,
Cytogenet. Genome Res. 133 (2011) 234–242.
[11] R.R. Angell, R.J. Aitken, P.F. van Look, M.A. Lumsden, A.A. Templeton, Chromosome
abnormalities in human embryos after in vitro fertilization, Nature 303 (1983)
336–338.
[12] R.R. Angell, A.A. Templeton, R.J. Aitken, Chromosome studies in human in vitro
fertilization, Hum. Genet. 72 (1986) 333–339.
[13] M. Plachot, A.M. Junca, J. Mandelbaum, J. de Grouchy, J. Salat-Baroux, J. Cohen,
Chromosome investigations in early life. I. Human oocytes recovered in an IVF
programme, Hum. Reprod. 1 (1986) 547–551.
[14] M. Plachot, A.M. Junca, J. Mandelbaum, J. de Grouchy, J. Salat-Baroux, J. Cohen,
Chromosome investigations in early life. II. Human preimplantation embryos,
Hum. Reprod. 2 (1987) 29–35.
[15] R. Angell, First-meiotic-division nondisjunction in human oocytes, Am. J. Hum.
Genet. 61 (1997) 23–32.
[16] F. Pellestor, B. Andreo, F. Arnal, C. Humeau, J. Demaille, Mechanisms of
non-disjunction in human female meiosis: the co-existence of two modes of
malsegregation evidenced by the karyotyping of 1397 in-vitro unfertilized oocytes,
Hum. Reprod. 17 (2002) 2134–2145.
[17] D.K. Grifﬁn, L.J. Wilton, A.H. Handyside, G.H. Atkinson, R.M. Winston, J.D.
Delhanty, Diagnosis of sex in preimplantation embryos by ﬂuorescent in situ
hybridisation, BMJ 306 (1993) 1382.
[18] J.D. Delhanty, D.K. Grifﬁn, A.H. Handyside, J. Harper, G.H. Atkinson, M.H. Pieters,
R.M. Winston, Hum. Mol. Genet. 2 (1993) 1183–1185.
[19] J.D. Delhanty, J.C. Harper, A. Ao, A.H. Handyside, R.M. Winston, Detection of aneu-
ploidy and chromosomal mosaicism in human embryos during preimplantation
sex determination by ﬂuorescent in situ hybridisation, (FISH), Hum. Genet. 99
(1997) 755–760.
[20] S. Munne, H.U. Weier, J. Grifo, J. Cohen, Chromosomemosaicism in human embryos,
Biol. Reprod. 51 (1994) 373–379.
[21] S. Munne, M. Alikani, G. Tomkin, J. Grifo, J. Cohen, Embryo morphology, develop-
mental rates, and maternal age are correlated with chromosome abnormalities,
Fertil. Steril. 64 (1995) 382–391.
[22] S. Munne, Chromosome abnormalities and their relationship to morphology and
development of human embryos, Reprod. Biomed. Online 12 (2006) 234–253.
[23] S. Munne, S. Chen, P. Colls, J. Garrisi, X. Zheng, N. Cekleniak, M. Lenzi, P. Hughes,
J. Fischer, M. Garrisi, G. Tomkin, J. Cohen, Maternal age, morphology, development
and chromosome abnormalities in over 6000 cleavage-stage embryos, Reprod.
Biomed. Online 14 (2007) 628–634.
[24] S. Munne, M. Sandalinas, T. Escudero, C. Marquez, J. Cohen, Chromosomemosaicism
in cleavage-stage human embryos: evidence of a maternal age effect, Reprod.
Biomed. Online 4 (2002) 223–232.
[25] L. Gianaroli, M.C. Magli, A.P. Ferraretti, A. Fiorentino, J. Garrisi, S. Munne, Preim-
plantation genetic diagnosis increases the implantation rate in human in vitro fer-
tilization by avoiding the transfer of chromosomally abnormal embryos, Fertil.
Steril. 68 (1997) 1128–1131.
[26] S. Mastenbroek, M. Twisk, J. van Echten-Arends, B. Sikkema-Raddatz, J.C.
Korevaar, H.R. Verhoeve, N.E. Vogel, E.G. Arts, J.W. de Vries, P.M. Bossuyt, C.H.
Buys, M.J. Heineman, S. Repping, F. van der Veen, In vitro fertilization with preim-
plantation genetic screening, N. Engl. J. Med. 357 (2007) 9–17.
[27] A.H. Handyside, A.R. Thornhill, In vitro fertilization with preimplantation genetic
screening, N. Engl. J. Med. 357 (2007) 1770 (author reply 1770–1).
[28] Y. Verlinsky, J. Cieslak, M. Freidine, V. Ivakhnenko, G. Wolf, L. Kovalinskaya, M.
White, A. Lifchez, B. Kaplan, J. Moise, J. Valle, N. Ginsberg, C. Strom, A. Kuliev,
Polar body diagnosis of common aneuploidies by FISH, J. Assist. Reprod. Genet.
13 (1996) 157–162.[29] A. Kuliev, J. Cieslak, Y. Ilkevitch, Y. Verlinsky, Chromosomal abnormalities in a
series of 6,733 human oocytes in preimplantation diagnosis for age-related aneu-
ploidies, Reprod. Biomed. Online 6 (2003) 54–59.
[30] S. Cupisti, C.M. Conn, E. Fragouli, K. Whalley, J.A. Mills, M.J. Faed, J.D. Delhanty,
Sequential FISH analysis of oocytes and polar bodies reveals aneuploidy mecha-
nisms, Prenat. Diagn. 23 (2003) 663–668.
[31] E. Fragouli, D. Wells, J.D. Delhanty, Chromosome abnormalities in the human
oocyte, Cytogenet. Genome Res. 133 (2011) 107–118.
[32] C. Gutierrez-Mateo, P. Colls, J. Sanchez-Garcia, T. Escudero, R. Prates, K. Ketterson,
D. Wells, S. Munne, Validation of microarray comparative genomic hybridization
for comprehensive chromosome analysis of embryos, Fertil. Steril. 95 (2011)
953–958.
[33] S. Fishel, A. Gordon, C. Lynch, K. Dowell, G. Ndukwe, E. Kelada, S. Thornton, L.
Jenner, E. Cater, A. Brown, J. Garcia-Bernardo, Live birth after polar body array
comparative genomic hybridization prediction of embryo ploidy—the future of
IVF? Fertil. Steril. 93 (2010) 1006.e7–1006.e10.
[34] W.B. Schoolcraft, E. Fragouli, J. Stevens, S. Munne, M.G. Katz-Jaffe, D. Wells, Clinical
application of comprehensive chromosomal screening at the blastocyst stage, Fertil.
Steril. 94 (2010) 1700–1706.
[35] J. Geraedts, J. Collins, L. Gianaroli, V. Goossens, A. Handyside, J. Harper, M. Montag,
S. Repping, A. Schmutzler, What next for preimplantation genetic screening? A
polar body approach! Hum. Reprod. 25 (2010) 575–577.
[36] J. Geraedts, M.Montag, M.C.Magli, S. Repping, A. Handyside, C. Staessen, J. Harper, A.
Schmutzler, J. Collins, V. Goossens, H. van der Ven, K. Vesela, L. Gianaroli, Polar body
array CGH for prediction of the status of the corresponding oocyte. Part I: clinical
results, Hum. Reprod. 26 (2011) 3173–3180.
[37] M.C. Magli, M. Montag, M. Koster, L. Muzi, J. Geraedts, J. Collins, V. Goossens, A.H.
Handyside, J. Harper, S. Repping, A. Schmutzler, K. Vesela, L. Gianaroli, Polar body
array CGH for prediction of the status of the corresponding oocyte. Part II: technical
aspects, Hum. Reprod. 26 (2011) 3181–3185.
[38] A.H. Handyside, M. Montag, M.C. Magli, S. Repping, J. Harper, A. Schmutzler, K.
Vesela, L. Gianaroli, J. Geraedts, Multiple meiotic errors caused by predivision of
chromatids in women of advanced maternal age undergoing in vitro fertilisation,
Eur. J. Hum. Genet. 20 (2012) 742–747.
[39] A.S. Gabriel, A.R. Thornhill, C.S. Ottolini, A. Gordon, A.P. Brown, J. Taylor, K.
Bennett, A. Handyside, D.K. Grifﬁn, Array comparative genomic hybridisation on
ﬁrst polar bodies suggests that non-disjunction is not the predominant mecha-
nism leading to aneuploidy in humans, J. Med. Genet. 48 (2011) 433–437.
[40] T. Hassold, H. Hall, P. Hunt, The origin of human aneuploidy: where we have been,
where we are going, Hum. Mol. Genet. 16 (2007) R203-8 (Spec No. 2).
[41] M. Benkhalifa, S. Kasakyan, P. Clement, M. Baldi, G. Tachdjian, A. Demirol, T. Gurgan,
F. Fiorentino, M. Mohammed, M.B. Qumsiyeh, Array comparative genomic hybridi-
zation proﬁling of ﬁrst-trimester spontaneous abortions that fail to grow in vitro,
Prenat. Diagn. 25 (2005) 894–900.
[42] M. Micale, J. Insko, S.A. Ebrahim, A. Adeyinka, C. Runke, D.L. Van Dyke, Double tri-
somy revisited—a multicenter experience, Prenat. Diagn. 30 (2010) 173–176.
[43] E.G. Allen, S.B. Freeman, C. Druschel, C.A. Hobbs, L.A. O'Leary, P.A. Romitti, M.H.
Royle, C.P. Torfs, S.L. Sherman, Maternal age and risk for trisomy 21 assessed by
the origin of chromosome nondisjunction: a report from the Atlanta and National
Down Syndrome Projects, Hum. Genet. 125 (2009) 41–52.
[44] K.E. Koehler, S.E. Schrump, J.P. Cherry, T.J. Hassold, P.A. Hunt, Near-human aneu-
ploidy levels in female mice with homeologous chromosomes, Curr. Biol. 16
(2006) R579–R580.
[45] E. Revenkova, M. Eijpe, C. Heyting, C.A. Hodges, P.A. Hunt, B. Liebe, H. Scherthan,
R. Jessberger, Cohesin SMC1 beta is required for meiotic chromosome dynamics,
sister chromatid cohesion and DNA recombination, Nat. Cell Biol. 6 (2004) 555–562.
[46] C.A. Hodges, E. Revenkova, R. Jessberger, T.J. Hassold, P.A. Hunt, SMC1beta-
deﬁcient female mice provide evidence that cohesins are a missing link in
age-related nondisjunction, Nat. Genet. 37 (2005) 1351–1355.
[47] E. Revenkova, K. Herrmann, C. Adelfalk, R. Jessberger, Oocyte cohesin expression
restricted to predictyate stages provides full fertility and prevents aneuploidy,
Curr. Biol. 20 (2010) 1529–1533.
[48] J.J. Tarin, S. Perez-Albala, A. Cano, Oral antioxidants counteract the negative ef-
fects of female aging on oocyte quantity and quality in the mouse, Mol. Reprod.
Dev. 61 (2002) 385–397.
[49] K. Tachibana-Konwalski, J. Godwin, L. van der Weyden, L. Champion, N.R. Kudo, D.J.
Adams, K. Nasmyth, Rec8-containing cohesin maintains bivalents without turnover
during the growing phase of mouse oocytes, Genes Dev. 24 (2010) 2505–2516.
[50] H. Pan, P. Ma, W. Zhu, R.M. Schultz, Age-associated increase in aneuploidy and
changes in gene expression in mouse eggs, Dev. Biol. 316 (2008) 397–407.
[51] T. Chiang, F.E. Duncan, K. Schindler, R.M. Schultz, M.A. Lampson, Evidence that
weakened centromere cohesion is a leading cause of age-related aneuploidy in
oocytes, Curr. Biol. 20 (2010) 1522–1528.
[52] T. Chiang, R.M. Schultz, M.A. Lampson, Age-dependent susceptibility of chromo-
some cohesion to premature separase activation in mouse oocytes, Biol. Reprod.
85 (2011) 1279–1283.
[53] L.M. Lister, A. Kouznetsova, L.A. Hyslop, D. Kalleas, S.L. Pace, J.C. Barel, A. Nathan,
V. Floros, C. Adelfalk, Y. Watanabe, R. Jessberger, T.B. Kirkwood, C. Hoog, M.
Herbert, Age-related meiotic segregation errors in mammalian oocytes are pre-
ceded by depletion of cohesin and Sgo2, Curr. Biol. 20 (2010) 1511–1521.
[54] T. Niault, K. Hached, R. Sotillo, P.K. Sorger, B. Maro, R. Benezra, K. Wassmann,
Changing Mad2 levels affects chromosome segregation and spindle assembly
checkpoint control in female mouse meiosis I, PLoS One 2 (2007) e1165.
[55] F.E. Duncan, T. Chiang, R.M. Schultz, M.A. Lampson, Evidence that a defective spindle
assembly checkpoint is not the primary cause ofmaternal age-associated aneuploidy
in mouse eggs, Biol. Reprod. 81 (2009) 768–776.
1920 A.H. Handyside / Biochimica et Biophysica Acta 1822 (2012) 1913–1920[56] F. Jin, M. Hamada, L. Malureanu, K.B. Jeganathan, W. Zhou, D.E. Morbeck, J.M. van
Deursen, Cdc20 is critical formeiosis I and fertility of femalemice, PLoSGenet. 6 (2010).
[57] L.M. Woods, C.A. Hodges, E. Baart, S.M. Baker, M. Liskay, P.A. Hunt, Chromosomal
inﬂuence on meiotic spindle assembly: abnormal meiosis I in female Mlh1
mutant mice, J. Cell Biol. 145 (1999) 1395–1406.
[58] S.I. Nagaoka, C.A. Hodges, D.F. Albertini, P.A. Hunt, Oocyte-speciﬁc differences in
cell-cycle control create an innate susceptibility to meiotic errors, Curr. Biol. 21
(2011) 651–657.
[59] T. Hassold, M. Merrill, K. Adkins, S. Freeman, S. Sherman, Recombination and
maternal age-dependent nondisjunction: molecular studies of trisomy 16, Am. J.
Hum. Genet. 57 (1995) 867–874.
[60] R. Garcia-Cruz, M.A. Brieno, I. Roig, M. Grossmann, E. Velilla, A. Pujol, L. Cabero, A.
Pessarrodona, J.L. Barbero, M. Garcia Caldes, Dynamics of cohesin proteins REC8,
STAG3, SMC1 beta and SMC3 are consistent with a role in sister chromatid cohe-
sion during meiosis in human oocytes, Hum. Reprod. 25 (2010) 2316–2327.[61] P. Hunt, T. Hassold, Female meiosis: coming unglued with age, Curr. Biol. 20
(2010) R699–R702.
[62] T. Sakuno, Y. Watanabe, Studies of meiosis disclose distinct roles of cohesion in the
core centromere andpericentromeric regions, ChromosomeRes. 17 (2009) 239–249.
[63] C.J. Bean, T.J. Hassold, L. Judis, P.A. Hunt, Fertilization in vitro increases non-
disjunction during early cleavage divisions in a mouse model system, Hum.
Reprod. 17 (2002) 2362–2367.
[64] R. Roberts, A. Iatropoulou, D. Ciantar, J. Stark, D.L. Becker, S. Franks, K. Hardy,
Follicle-stimulating hormone affects metaphase I chromosome alignment and in-
creases aneuploidy in mouse oocytes matured in vitro, Biol. Reprod. 72 (2005)
107–118.
[65] A.H. Handyside, G.L. Harton, B. Mariani, A.R. Thornhill, N. Affara, M.A. Shaw, D.K.
Grifﬁn, Karyomapping: a universal method for genome wide analysis of genetic
disease based on mapping crossovers between parental haplotypes, J. Med.
Genet. 47 (2010) 651–658.
